If neutrinoless double beta decay is observed, it will be important to understand the mechanism(s) behind this process. Using a minimal supersymmetric extension to the Standard Model in association with a lepton number violating coupling as an example, we show that if neutrinoless double beta decay is mediated by new TeV scale particles, looking for four-jet final states in future linear colliders operating in the same-sign electron mode could provide important information on the underlying mechanisms. We study the prospects for observing this process at the proposed ILC and CLIC energies, and discuss the complementarity between such a four-jet signal and other collider signatures at the LHC.
Introduction
The observation of neutrinoless double beta decay (0νββ) would be an important step towards understanding the structure of physics beyond the Standard Model [1] [2] [3] . It would prove that lepton number, an accidental symmetry of the Standard Model, is violated. After establishing this, the next task would be to identify the underlying mechanism of 0νββ.
The standard interpretation of 0νββ is the so-called light (Majorana neutrino) mass mechanism. In this mechanism, the 0νββ amplitude is proportional to a neutrino mass term that violates lepton number explicitly by 2 units. If this is the only source of lepton number violation (LNV) in 0νββ, the rate of 0νββ can further provide information on the neutrino mass scale and ordering realised by nature, and other neutrino properties. Within the standard interpretation, 0νββ-experiments become neutrino experiments.
T 1/2 (
76 Ge) ≥ 1.9 · 10 25 yrs ,
corresponds generically to an amplitude with O(1 TeV) scale and O(1) dimensionless LNV couplings. This is obvious from estimating the amplitude for light neutrino exchange,
where G F is the Fermi constant, m ee the effective mass set to its upper limit of order 0.5 eV, and q 2 the squared momentum transfer in the process, which is of order 0.01 GeV 2 . If the TeV scale corresponds to the mass of the particles involved in 0νββ, they could be produced at colliders such as the LHC and future linear colliders. If these particles are (not) observed in certain LNV signals, the information could be used to (dis-)favour particular TeV scale 0νββ models. Furthermore, studying 0νββ mechanisms through related collider processes allows direct access to the underlying physics at the particle level, separated from the notorious complication in the nuclear physics calculation, the latter of which is however necessary when computing 0νββ decay rates.
At parton level, collider processes that are the most closely related to 0νββ should violate electron number by two units, involve four first generation (initial and/or final state) quarks and no missing energy, for instance, due to the presence of neutrinos. This is because the relevant Feynman diagrams could be re-interpreted as 0νββ diagrams after appropriate crossings. A consequence is that these related processes are controlled by the same model parameters, i.e. the same particle masses and (LNV) couplings. As an example, Refs. [10, 11] show that the observation of same-sign di-electron final state in association with two jets at the 14 TeV LHC could lead to predictions of 0νββ half-lifes, when interpreted in the context of a minimal supersymmetric extension to the Standard Model (MSSM) in association with a LNV coupling λ ′ 111 (λ ′ MSSM). Strategies to relate LHC observables to 0νββ in left-right symmetric theories have also been discussed recently [12] .
In a lepton collider, the signal most directly related to 0νββ would be
when all four jets are originated from first generation (anti-)quarks. This is the collider signature we shall focus on, and is called the "4j signal" in the rest of the paper. Clearly, the 4j signal has no irreducible Standard Model (SM) background, since the SM conserves lepton number. The observation of 0νββ in one or more of the many upcoming experiments (see Ref. [3] for a recent review on their status and properties) would be a strong motivation to run a linear collider in a like-sign mode. In 0νββ mechanisms involving two SM W -bosons, the 4j signal arises from the "inverse 0νββ" [13, 14] , defined as
followed by hadronic decays of the W 's into first generation quarks (see Ref. [15] for a recent study of this process). Since the branching ratio of the W decaying into jets is known, knowledge of the inverse 0νββ cross section allows direct inference on the 0νββ decay rate. However, in the presence of new particle(s), their branching ratio(s) into jets must also be determined. This leads us to the studying of the four-jet final states.
The difference between the inverse 0νββ followed by hadronic W decays and the more general 4j process can be important, as the source of LNV can be contained in different stages of the four-jet production. For inverse 0νββ, the source of LNV must be contained within the generation of the same-sign W pairs. This is the case, e.g. for the light mass mechanism or the SM with the addition of heavy Majorana neutrinos. In the case of λ ′ MSSM, a pair of same-sign selectrons (ẽ L ), the superpartner of a lefthanded electron, can be produced via gauge interactions with an t-channel neutralino (χ 0 ):
This can be followed by LNV decays of the selectrons into first generation quarks via the λ ′ 111 coupling, leading to the 4j signal. Note that the ∆L = 2 process is mediated by two ∆L = 1 vertices, and not with an explicit ∆L = 2 mass term as for processes involving Majorana light or heavy neutrinos. The presence of two intermediate onshell particles in the 4j signal could hence be an important clue to the underlying 0νββ mechanism. The 4j signal cross section could also be enhanced, when the 2-to-2ẽ L pair production process is followed by decay into four jets with large branching ratios due to a large λ ′ 111 . This should be compared with the light and heavy mass mechanisms, for which the stringent 0νββ half-life limit implies a relatively small 4j signal rate [14, 15] .
In this paper, we investigate whether in the context of λ ′ MSSM the 4j signal might be observable in future linear colliders, assuming 0νββ is measured in the next generation of experiments. We shall study whichχ 0 -ẽ L mass regions future linear colliders might be particularly sensitive to, and the effect of the presence of competingẽ L decay channels, in particular gauge decay ofẽ L into an electron andχ 0 . Implications of like-sign linear collider for other (lepton number conserving) SUSY searches have been discussed in Refs. [16] . We note that some results in this paper may also be relevant to left-right symmetric models, or other SM extensions with TeV scale W ′ and heavy Majorana neutrinos which play the role of theẽ L andχ 0 . Since related collider signatures could also be expected at the LHC, we also comment on how the 4j signal might complement other 0νββ probes at the LHC.
The paper is organised as follows: in the next section, we introduce the λ ′ MSSM model, and discuss features that the Feynman diagrams possess which could enhance the e − e − → 4j signal when compared with selected models, given the current 0νββ limit. We then explore quantitatively regions of parameter space where such enhancements are significant, and how the prospect of observation could change in light of future 0νββ data, before briefly discussing the complementarity with some related LHC signals.
The λ

′
MSSM model
The λ ′ MSSM model that we consider includes a (gauge invariant) LNV superpotential term
in addition to the standard MSSM interactions that conserve R-parity. The L 1 , Q 1 and D c 1 are the first generation lepton doublet, quark doublet and down quark singlet superfields, respectively. This and all R-parity conserving interactions are invariant under a discrete Z 3 symmetry [17] . Because baryon number is not violated in λ ′ MSSM, the proton is stable. The Yukawa potential derived from the above LNV superpotential includes interactions for the field combinations
where the fields with (without) tildes are the supersymmetric (SM) particles in selfevident notations. These interactions violate electron number by one unit, with interaction strengths proportional to the coupling λ ′ 111 . Also relevant for our discussion are the neutralinos (χ 0 ) and gluinos (g), which are the superpartners of the neutral (gauge) bosons and gluons, respectively. They interact with the SM particles with gauge interaction strengths. In Fig. 1 , we show example 0νββ Feynman diagrams in λ ′ MSSM. 1 The corresponding Feynman diagrams for the 4j signal are displayed in Fig. 2 . We see that the two sets of diagrams can be related by crossing between external legs, indicating the model parameters entering the two processes are the same. However, the 4j signal will be dominated by the diagram involving two intermediate selectrons if they can be produced on-shell, see the left diagram of Fig. 2 . In this case the partial width and branching ratio of the selectron decaying into jets depend indirectly on the squark and gluino masses via λ ′ 111 , the latter of which is extracted from an observed 0νββ half-life value. In what follows, we shall focus primarily on the case when the selectrons are 1 We note that there is another R-parity violating (long-range) diagram for 0νββ which depends on λ produced on-shell.
Since the momentum transfer in 0νββ is much smaller than the sparticle masses involved, the effective operators for 0νββ are dimension nine operators involving six fermions. The lower T 1/2 ( 76 Ge) bound in Eq. (1) leads to the approximate limit [18] [19] [20] 
Actually this limit can be easily understood by comparing the standard amplitude in Eq. (2) with the expression
. While this is the most stringent single coupling bound on λ Other single coupling bounds on λ ′ 111 come from atomic parity violation and charged current universality in the lepton and quark sectors [21] . These constraints 2 come from dimension six operators, all of which have limits of order |λ
Because of the different mass dependence, whether the 0νββ bound is more stringent or not depends on all sparticle masses involved, and has to be calculated on a case-by-case basis.
Clearly, for the λ ′ MSSM all intermediate propagators can contribute to the suppression of the 0νββ rate. For comparison, in the light mass mechanism, the suppression is due to the ratio of the small mass insertion, m ee 0.5 eV, to the energy scale of the process q 2 ≃ 0.01 GeV 2 . For the heavy neutrino mechanism, Majorana neutrinos (with mass M 2 i ≫ q 2 ) which couple to the electron and W boson with strength proportional to the mixing parameter S ei provide the mass suppression, i.e.
where in the second expression, the limit is obtained neglecting possible large cancellations between different heavy neutrinos, which would lead to less stringent limits. With this caveat, we see that the upper limit on λ ′ 111 can be much less stringent than S ei , in particular, for masses of O(1 TeV), because the dependence on the relevant particle mass is different.
The role that λ ′ 111 and S ei play in the 4j production is also different. Future e − e − colliders will have sufficient energies to produce same-sign W pairs. On the other hand, whether same-signẽ L pairs could be produced on-shell via electroweak interaction depends on the mass ofẽ L . If this is kinematically allowed, this can be followed by LNV decay into jets. For the heavy mass mechanism, the same-sign W production cross section is approximately proportional to |S 2 ei | 2 . The production can then be followed 2 Note that there is a partial cancellation between λ ′ 111 contributions to atomic parity violation through the up-and down-squarks, leading to somewhat less stringent limits than other experiments.
by the decay of the W 's into four (first generation) jets with known branching ratios. Using Eq. (9) we see that the same-sign W pair production cross section should be smaller compared with on-shell same-signẽ L production for neutralino/heavy neutrino masses of O(1 TeV). For the light mass mechanism, the small m ee value renders the 4j signal unobservable in practice [14, 15] .
Since the λ ′ 111 coupling can be of O (1), the decay ofẽ L into jets could also be enhanced when compared with the heavy/light mass mechanism. More precisely, the branching ratio BR(ẽ L
If the selectron is the lightest supersymmetric particle, then in the absence of other R-parity
Whether mχ0 < mẽ L or mχ0 > mẽ L , the mass and total width ofẽ L can be reconstructed by looking at the dijet invariant mass distributions. Together with the observation of the otherẽ L decay channels, BR(ẽ L → jj) and hence the value of λ ′ 111 could be estimated. Furthermore, the mass ofχ 0 could be estimated using the rate of the e − e − →ẽ − Lẽ − L process. To sum up this section, we have seen qualitatively that for the λ ′ MSSM model, there are regions of parameter space where the LNV process e − e − → 4j could be observed, despite the smallness of the closely related 0νββ amplitude. We have further argued that the 4j cross section could be much larger than other possible 0νββ models, specifically the light and heavy mass mechanisms. The prospects for observing the 4j events also depend on the center-of-mass energy, while an observation could allow inference of the 0νββ contribution from theẽ L mediated diagrams. In the next section, we shall perform a more quantitative analysis with a simplified λ ′ MSSM model, and discuss the prospects for observing 4j events at different center-of-mass energies, sparticle mass regions, as well as with different (future) 0νββ limits. Our study will be at the cross section level, while a more detailed analysis, for example mass reconstruction and precise determination of BR(ẽ L → jj) is beyond the scope of this exploratory study. In this section, we calculate the total cross section of the 4j signal, σ(e − e − → 4j), in a simplified λ ′ MSSM model using MADGRAPH5 v1.3.2 [22] . The model is obtained by extending the SM to include the sparticles and vertices involved in the LNV interaction terms derived from Eqs. (6) and (7), in addition to the relevant MSSM QCD and EW interactions. For concreteness, we assume that only one neutralino, denotedχ 0 , contributes to both 0νββ and the 4j process, and thatχ 0 is the Bino, the superpartner of the U(1) Y gauge boson. The on-shellẽ L pair production cross section σ(e L e L → e LẽL ) is given by [23] 
where
and g L is the coupling between e
while default MADGRAPH values for the SM parameters are used. Specifying these parameters allows the partial widths Γ(ẽ L → jj), Γ(ẽ L → eχ 0 ) and the corresponding branching ratios BR(ẽ L → jj), BR(ẽ L → eχ 0 ) to be computed. The calculation of the 4j cross section uses all contributing diagrams, a subset of which is displayed in Fig. 2 . Finite width effects are also included.
The value of λ ′ 111 is taken assuming two scenarios:
• T 1/2 ( 76 Ge) = 1.9 · 10 25 yrs, i.e. 0νββ is "just around the corner", cf. Eq. (1); and
• T 1/2 ( 76 Ge) = 1.0 · 10 27 yrs, i.e. expected half-life limit in a ton-scale experiment.
For simplicity, a possible contribution from a m ee term to 0νββ, which could have a different physical origin, is not included when calculating the λ ′ 111 upper limit. This is a very valid assumption in case neutrinos would obey a normal hierarchy (as predicted in typical GUTs), with m ee = O(meV). The extraction of λ ′ 111 follows Ref. [11] (see also Refs. [18] [19] [20] ), using the nuclear matrix elements in Refs. [19, 20] .
First we consider the case for √ s = 500 GeV, which corresponds to the proposed ILC energy [24] . Using the Heidelberg-Moscow 0νββ upper limit on λ ′ 111 , the cross section as a function of (mχ0, mẽ L ) is displayed in Fig. 3 (left plot) . We also show in the figure the region where σ(e − e − → 4j) > 0.01 fb. In this region, five events or more might be expected assuming an integrated luminosity of 500 fb −1 [24] . The squark contributions to both 0νββ and the 4j cross sections are decoupled by setting (mg, mũ L , md GeV for it to be pair-produced. From Eq. (8), we see that this mass range implies a much smaller value of λ ′ 111 compared to the hypercharge coupling g Y . As discussed in section 2, for mẽ L > mχ0 a large BR(ẽ L → jj) is hence possible only for a narrow band near mẽ L = mχ0. This is reflected in the plot by the correlation between σ(e − e − → 4j) and BR(ẽ L → jj), since the four jet process is well approximated using the narrow width approximation. In this region, σ(e − e − → 4j) can be of O(1 − 10) fb, leading to a good prospect for the observation of the 4j signal. Away from the mẽ L mχ0 band, there is a significant region of parameter space where σ(e − e − → 4j) > O(0.01) fb, which could also lead to a small number of 4j events. When mẽ L < mχ0, BR(ẽ L → jj) = 1. In this case, the 4j cross section is of O(10 − 50) fb and depends relatively mildly on the actual (mχ0, mẽ L ) values, see Eq. (10). The cross section falls sharply when mẽ L increases beyond the 250 GeV threshold, which is a simple reflection of the narrowẽ L width at this mass value.
Next we consider the higher energy option, √ s = 3 TeV, the proposed CLIC 4 energy [25] . The cross section as a function of (mχ0, mẽ L ) is displayed in Fig. 3 (right plot) . Again we assume T 1/2 ( 76 Ge) = 1.9 · 10 25 yrs, and set (mg, mũ L , md R ) = 1000 TeV. We again delineate the region where σ(e − e − → 4j) > 0.01 fb, which would lead to an expectation of five or more events assuming an integrated luminosity of 500 fb −1 . We see that the linear collider can access the "natural"ẽ L andχ 0 mass scale of O(1) TeV, where the upper λ ′ 111 limit from 0νββ is of O(1). Now the width Γ(ẽ L → jj) can dominate over the competitive channel Γ(ẽ L → eχ 0 ) in a much larger region of (mẽ L , mχ0) parameter space. Much of the parameter space where mẽ L > mχ0 has cross sections of O(0.1) fb or more, leading to O(50) or more events with an assumed luminosity of 500 fb −1 . When compared with Eq. (10), which is applicable when mẽ L < mχ0 and when the narrow width approximation is valid, the large Γ(ẽ L → jj) leads to slightly smaller cross sections. The large width effect that has been included in the calculation can also be seen in the kinematic threshold at mẽ L = 1.5 TeV, where the cross section drops smoothly as the mass crosses over this limit.
We now consider how the prospect for observing the four-jet events changes when the half-life limit increases to T 1/2 ( 76 Ge) = 1.0 · 10 27 yrs. The cross sections for √ s = 500 GeV and √ s = 3 TeV are shown in the left and right plot of Fig. 4 respectively.
Keeping the mass parameters constant, increasing the half-life value leads to a more stringent upper limit on λ ′ 111 . Recall that same-signẽ LẽL pair is produced via gauge interaction with a t-channel neutralino (see the left diagram in Fig. 2 ). This 2-to-2 process is hence independent of λ ′ 111 , so that this coupling only affects the partial widths and branching ratios ofẽ L . The change in 4j cross section is therefore not proportional to the change in measured 0νββ half-life values. This is especially true for the region where we expect the most sensitivity, i.e. mẽ L < mχ0 and mẽ L mχ0, since in these regions the totalẽ L width is dominated by Γ(ẽ L → jj). In fact, for mẽ L < mχ0 we have Γ(ẽ L → eχ 0 ) = 0, hence BR(ẽ L → jj) = 1 and the 4j cross section is independent of λ ′ 111 , up to finite width effects. The value of λ ′ 111 may be determined by measuring thẽ e L width.
In the region mẽ L > mχ0, the 4j cross section decreases with λ ′ 111 . The impact of changing T 1/2 ( 76 Ge) from 1.9 · 10 25 yrs to 1.0 · 10 27 yrs is more pronounced for √ s = 500 GeV, as the competing width Γ(ẽ L → eχ 0 ) dominates, and we see that the parameter regions with σ(e − e − → 4j) > 0.01 fb decreases substantially in the case of √ s = 500 GeV. The impact is however somewhat less pronounced for √ s = 3 TeV, because in most of the parameter space displayed BR(ẽ L → jj) is of O(1). In this context it might be argued that the 3 TeV CLIC option provides a better opportunity to explore the λ ′ MSSM 0νββ mechanism. For comparison, we show in Fig. 5 the 4j cross sections obtained if 0νββ is dominated by squark-gluino exchanges. Here we assume instead mũ L = md R = mq, and decouple 4 The ILC and the CLIC luminosities are expected to be similar. For ease of comparison the same values are used in the following. both 0νββ and σ(e − e − → 4j) contributions fromẽ L andχ 0 . Again, the 0νββ bound is by far the most stringent in this scenario. Since the squarks always appear as tchannel propagators, the 4j cross sections are orders of magnitude lower than theẽ L dominance scenario. The lack of intermediate particles being produced on-shell also implies that there are no sharp changes in cross sections when the sparticle masses cross over the "kinematic limit" of 250 (1500) GeV in the ILC (CLIC) scenario, nor over the boundary mq = mg. Because of the scaling relation Eq. (8), the cross section depends more sensitively on mq than mg. Moreover, the cross section ratio of the slepton-neutralino dominance and squark-gluino dominance scenarios decreases when going from √ s = 500 to √ s = 3000 GeV. In particular, we see that the cross section is boosted by up to 6 orders of magnitude in the parameter region that we consider, due to the quickly relaxing λ ′ 111 bound from 0νββ when sparticle masses increase. Note that in the mq region around 2 TeV, the 0νββ bound is only marginally more stringent than other low energy bounds discussed in section 2. The latter can be more stringent when increasing mq beyond 2 TeV. 
Summary and discussions
Let us briefly comment on the complementarity between the 4j final state and other collider searches. At the LHC, there are signatures that could (indirectly) constrain the λ ′ MSSM 0νββ mechanism. As discussed in Refs. [10, 11] , resonant selectron production, followed by the decay chain
leading to same-sign di-electron (SSDE) + jets final states, can be used to test the λ ′ MSSM model in the context of 0νββ. Note that the resonant production process favours large λ ′ 111 , while its gauge decay into an electron favours a small λ ′ 111 . This is different from the 4j signal at lepton colliders, where a large λ ′ 111 is always preferred. Also, the SSDE signal is only sensitive to the region mẽ L > mχ0. At the cross section level, an excess of SSDE events should be more easily seen when the size of λ ′ 111 balances these competing effects. At sufficiently low mẽ L , resonant selectron production becomes suppressed due to the stringent 0νββ bound. In addition, the softer electrons and jets would make the search for excess SSDE events more difficult. At sufficiently high mẽ L , the value of λ ′ 111 would become large enough that BR(ẽ L → jj) dominates over BR(ẽ L → eχ 0 ). It is thus likely that the SSDE channel is most sensitive to some "intermediate" selectron mass region. Additional handles such as cuts on jet multiplicities and missing transverse energies would enhance the signal. The possibility of excluding regions of parameter space using SSDE events from early LHC data is currently under investigation [26] .
Note that the ILC is most sensitive to the relatively low mass region mẽ L < 250 GeV and mẽ L mχ0. Since this region is dominated by theẽ L decay modeẽ L → jj, a resonant selectron produced at the LHC will primarily decay into two jets
which will likely be overwhelmed by the QCD background given such low mẽ L . In other words, this region might be best probed by a linear collider. In the very high mass region, the rapidly relaxing λ ′ 111 would again imply a large dijet resonance cross section at the LHC, while the large decay width could complicate the prospect for (early) detection. Early dijet resonance searches from the ATLAS [27] and CMS [28] collaborations indicate no significant excess in the dijet invariant mass m jj region (∼ 800 GeV − 4 TeV), which may already be able to constrain the parameter region allowed by the current 0νββ limit. We postpone a detailed analysis of impact of dijet exclusion on the λ ′ MSSM model in the context of 0νββ to a future study. Below m jj ∼ 800 GeV, the QCD background might overwhelm the signal. However, as can be seen in Figs. 3 and 4 , 4j searches at CLIC would be sensitive to a large portion of this region. In any case, since a dijet resonance does not violate lepton number, LNV observables such as the 4j signal will be needed to establish the connection between 0νββ and the dijet resonance, should the latter be observed in upcoming LHC data.
Last but not least, note that before running a linear collider in same-sign electron mode, early indication of new physics from λ ′ MSSM could already appear in the e + e − mode, as opposite-signẽ + Lẽ − L pairs can be produced via a virtual photon or MSSM interactions. If this results in the same 4j signature, it is important to run in the same-sign electron mode to search for lepton number violating effects that can be connected to 0νββ. The possibility to change the polarisation of the electron beams could further allow investigation of the left-handed nature of the 4j process being considered.
To summarise, in this paper we have demonstrated the potential for future linear lepton colliders in providing hints of underlying 0νββ mechanisms by looking for fourjet events in same-sign e − e − collisions. We have argued that for the λ ′ MSSM model, there are good prospects for observing these 4j events, especially when the selectrons can be pair-produced on-shell. However, if 0νββ is dominated by squark-gluino ex-change, the resulting 4j rate would be too low to be observed. For the former scenario, the properties that the λ ′ MSSM model possesses in order to make the 4j cross section larger than that of other 0νββ mechanisms, in particular the light and heavy mass mechanisms, was discussed.
We then went on to compute the 4j cross section for the λ ′ MSSM model, assuming √ s = 500 GeV (ILC) and √ s = 3 TeV (CLIC) center-of-mass energies. We find that, if theẽ L andχ 0 masses are around the 500-1500 GeV region, the 4j signal can be observed at CLIC, while the ILC should also be sensitive to the regions mẽ L mχ0 and mẽ L < mχ0 for mẽ L < 250 GeV. It is likely that there are regions of parameter space where the LHC could provide indication that λ ′ MSSM is relevant for 0νββ, in which case future linear colliders could act as further and presumably cleaner tests of the λ ′ MSSM model. There are other regions which can only be probed by future linear collider. Further understanding the potentials afforded by the LHC, and its possible synergy with linear colliders on both λ ′ MSSM and other 0νββ mechanisms, is an interesting topic that should be studied in greater detail in the future.
